Point contact Andreev reflection spectroscopy is employed to extract the effective Fermi-level spin polarization of three distinct compositions from the (Bi 1−x Sb x ) 2 Te 3 topological insulator family. The end members, Bi 2 Te 3 and Sb 2 Te 3 , exhibit high polarization of 70(4)% and 57(3)%, respectively. High-field (μ 0 H = 14 T) point contact spectroscopy shows carrier depletion close to the Fermi level for these two compositions with small activation gaps of 0.40(4) and 0.28 (2) 
I. INTRODUCTION
The generation and detection of highly spin polarized currents is of crucial importance to the field of spin electronics. Spin generators with high spin polarization and low magnetization are highly sought after. High spin polarization improves the tunneling magnetoresistance (TMR) effect in magnetic tunnel junctions (MTJs), whereas decreased magnetization generally lowers the switching or precession currents in spin-transfer torque-based devices. Topological insulators [1] , spin-polarized antiferromagnets [2] , and compensated ferrimagnets [3] are some classes of materials that can satisfy these seemingly contradictory requirements. Indeed, magnetization switching through giant spin-orbit torque has been demonstrated in topological insulators' (TIs) bilayer structure [4] , and voltage control of the spin-orbit torque of magnetic topological insulators was recently achieved [5] . TIs possess a helically spin polarized Dirac cone for their surface states. The spin momentum locking is extremely beneficial as the mere switching of a ballistic current direction provides the opposite spin polarization of the same. Although the spin-polarized Dirac cone has been studied in various TIs by angle-resolved (ARPES) and spin-resolved (SRPES) photoemission spectroscopy [6] , the evidence for direct electrical detection is scarce. Direct electric current detection of the TI spin-polarized surface states has recently been reported by magnetoresistance measurements [7] and nonlocal spin injection [8] [9] [10] . Here we report on the direct spin-polarized current detection by point contact Andreev reflection (PCAR) spectroscopy. Among the three well-established direct spinpolarization measurement techniques (SRPES, spin-polarized tunneling [11] , and Andreev reflection [12] ), PCAR has the distinct advantage that it can be used to evaluate the ballistic spin polarization, P , in a very narrow energy window centered at the Fermi level [13] . While the primary focus * borisovk@tcd.ie of this work is PCAR spin-polarization measurements on high-quality thin films of the compositions Bi 2 
II. EXPERIMENTAL DETAILS
PCAR [12] , spin-polarized tunneling, spin-resolved photoemission spectroscopy, and spin-resolved field emission spectroscopy are just some of the techniques applicable for the measurement of spin polarization. PCAR is one of the most versatile ones among these, for it has the ability to probe not only the diffusive but also the ballistic definition of the spin polarization in the meV vicinity of the Fermi level [13] . The experimental configuration utilized here is known as the needle-anvil approach, where a shear-cut superconducting niobium tip (Nb) lands on the sample. The "landing" procedure in our experimental setup is fully automatic and performed using a vertical attocube TM piezo stepper. Negative feedback based on zero-bias differential conductance is used to control the effective size of the contact. Whenever needed, horizontal stepping is performed as well in order to ensure that a pristine (unscratched) area of the sample is always probed. Direct bias-dependent differential conductance measurements are taken instead of sampling the dc current-voltage characteristics and computing their numerical derivatives. This preferred approach has the advantage of a better signal-to-noise ratio, due primarily to the use of lock-in amplifiers (LIAs) and the corresponding narrow banding and optimal preamplifier use. Furthermore, the differential spectra are observed and recorded in real time at a rate of 1 Hz. This permits more sophisticated postprocessing, where the contact drifts can be essentially eliminated and their influence on the further data analysis minimized. The low-frequency (0.5 Hz) analog triangular wave form is modulated by the internal synchronous oscillator of a LIA (1.23 kHz). The modulation frequency is chosen to be high enough to minimize the 1/f -noise contributions of the junction gate field-effect transistor (JFET) preamplifiers but at the same time low enough to keep to a minimum the signal dephasing due to the spurious cable inductance and capacitance. The modulated voltage wave form is fed in the contact, and the current is preamplified at variable gain and band filtered, at 6 dB/octave, before being recorded by the LIAs. Two synchronized LIAs measure and transfer data concurrently on the upward and downward trends of the triangular wave form, so that the dead time of the measurement is practically zero. Further details of the experimental setup, data acquisition, and data preprocessing software can be found elsewhere [14] . All measurements are taken in the variabletemperature insert of the commercially available Quantum Design Physical Property Measurement System (PPMS). PCAR spectroscopy is performed in the temperature range 2.0-10.0 K. Measurements above the critical temperature of Nb (T c = 9.2 K) are used as normalization spectra and for corrections. Point contact spectroscopy (PCS) in high magnetic field (μ 0 H = 14 T) is measured in order to study the density of states of the compositions. The temperature evolution of the zero-bias anomaly in the high-field PCS data is indicative of the insulating bulk behavior of the compositions at low temperature.
High-purity Bi (99.999%), Sb (99.9999%), and Te (99.9999%) were evaporated from Knudsen effusion cells, and Cr (99.999%) and V (99.995%) were deposited by electron guns on heat-treated α-Al 2 O 3 (0001) substrates in a custombuilt molecular beam epitaxy system with a base pressure better than 5 × 10 −10 Torr. The compositions are determined by element ratios obtained in situ during growth using separate quartz crystal monitors. The TI thickness of each sample is 20 quintuple layered (QL), and the surface is protected with a 2-nm insulating Te capping layer [15] . This particular ternary topological insulator family (Bi 1−x Sb x ) 2 Te 3 has been previously extensively studied by Zhang et al. [15] . 
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At the optimized Bi:Sb ratio window, the Fermi level can be tuned into the bulk gap and can approach the Dirac point. The compensated sample exhibits semiconductorlike activation behavior upon cooling. Due to the high sheet resistance, the Sb 2 Te 3 and (Bi 0.18 Sb 0.82 ) 2 Te 3 samples are shadow masked with Al(40 nm)/Ag(30 nm). The bottom shunting layer [16] would not significantly reduce the sheet resistance in this case due to the significantly reduced bulk conductivity. Spin polarization in topological insulators is in plane and locked on the direction of the in-plane wave vectors ( k x and k y ).
Statistically, each electron of a Cooper pair has finite vertical projection of its spin. Furthermore, in the ballistic regime of PCAR (with a small axial magnetic field) or, alternatively, in cases where there is a significant tunneling barrier and the injection is performed from a superconductor with finite spin-orbit coupling, Cooper-pair spins are aligned along the perpendicular wave vector k z . Cooper pairs are not allowed to be injected in topological insulators (due to momentum conservation within the elastic limit and at small bias) with spins along z; hence the Andreev reflection is suppressed, and the contact shows high spin polarization. The measurement is a direct indication that the transport spin polarization is in plane. Since the PCAR probes contributions from both the surface and bulk states, an increase in spin polarization is to be expected, related to carrier depletion in the bulk, i.e., pronounced semimetallic or semiconducting transport properties at low temperature. We observe exactly that, the spin polarization is higher for the compositions with larger bulk band gap. 2 /h is the conductance quantum. The high resistance of the point contacts is sought after for two reasons: the transport current through the contact is kept in a quasiballistic regime, and the relative contribution of the TI sheet resistance is low. It has to be explicitly noted that reducing the point contact resistance (increasing the effective contact area) leads to a broadening of the spectral features and a decreased value of the spin polarization. The analysis routine is based on Strijkers et al.'s [17] approach, although no significant proximity effect is observed in any of the contacts. The important extracted parameters from each fit are spin polarization P , barrier height Z, effective electronic temperature T e , and the proximity gap 1 . The bulk superconducting gap of Nb 2 is kept constant. No significant proximity effect is present as the values of 1 and 2 are similar. Furthermore, five additional fitting parameters might be used: zero-bias offset x o , conduction normalization offset y o , rescaling of the conduction axis y s (due to preamplifier gain and sheet resistance), rescaling of the voltage axis x s (due to sheet resistance), and a quadratic background component y q (due to tunneling contributions). A multiparameter fit is susceptible to converging in local minima rather than the global solution, and the uniqueness of the PCAR fit has been discussed before [18, 19] . Our fitting procedure includes close-interval minimization and calculates the correlation and covariant matrices of the obtained fit in order to uncover interdependence between the parameters and the errors. Fig. 1 . It has to be pointed out that all spectra exhibit a small quadratic high-bias background. The background is attributed to the density of states (DOS) structure of the topological insulators and a small tunneling current contribution. Previously, extensive studies of the DOS bias dependence in topological insulators were performed by scanning tunneling microscopy [20, 21] . Here the energy scale is limited to the immediate (a few meV) vicinity of the Fermi level. The PCAR spectra are normalized with spectra above the T c of Nb. It has to be stated that the effective electronic temperature T e is found to always be above the bath temperature of the setup T . The typical value for T e is from 4.0 to 6.0 K, whereas the typical bath temperature T is from 2.0 to 2.4 K. Such electron heating and additional thermal broadening are often observed in PCAR of thin films [22] , with the exception being cases of cooling in low transparent superconducting tunnel junctions [23] . In this set of measurements, the elevated electronic temperature is mainly attributed to the formation of a narrow (tunneling-transparent) Schottky barrier at the tip-TI contact [24] , which will be demonstrated later on Figs. 2(c) and 2(d). The extracted spin polarization is 70(4)%, 57(3)%, and 83(9)%, respectively, for the three compositions. In order to confirm that the observed spectral features are due to Andreev reflection, temperature scans of some of the contacts are recorded (Fig. 2) . The spectra are normalized with a background curve acquired at 10.0 K (above the critical temperature of Nb, T c = 9.2 K). PCAR temperature scans indicate the usual evolution of the spectra where the features become narrower and lower due to the reduction in the Nb superconducting gap combined with the temperature smearing; spectra are essentially flat above T c . The last observation is a clear confirmation that the investigated samples demonstrate the expected high effective spin polarization. Furthermore, the fact that the Andreev signal is measured all the way to the critical temperature of Nb [see Figs. 3(a) and 3(b) ] is a clear demonstration that the transport is elastic and there is no appreciable Joule heating in the contact area. Once the superconducting tip is quenched (either in high magnetic field or at high temperature) and provided that the density of states around the Fermi level (≈ ±15 meV) is featureless, the PCS must exhibit a flat line. Interestingly, spectra exhibit a definite structure in magnetic field above the upper critical field of Nb. As the magnetic field is scanned from 0 to 14 T, the spectral features change from the well-established Andreev reflection structure to a Lorentzian-like shape. The latter is an indication of carrier depletion and the existence of a small band gap in the bulk density of states of the topological insulators. The conductance features of the PCS are an order of magnitude smaller than the features of the PCAR. Hence the contribution from the carrier depletion to the overall PCAR signal is considered insignificant for the analysis of the spin polarization. The high-field PCS demonstrates essentially the [25, 26] evolution of the superconducting gap, provided that the DOS of the studied material is flat within the dc bias range. The critical exponent of the superconducting transition in the weak-coupling regime following the BCS theory is γ = 0.5 [25, 26] . The extracted critical exponents for the transitions of the Bi 2 Te 3 /Nb and Sb 2 Te 3 /Nb contacts are significantly higher: 0.91(2) and 0.71(2), respectively. The deviation from the BCS behavior is due to the formation of a narrow (tunneling transparent) Schottky barrier and the fact that the spin polarization is an efficient Cooper-pair breaker [27] . A consequence of this is that the effective electronic temperature is significantly above the bath temperature (injection occurs above the Fermi level). Furthermore, as these materials exhibit very small gap at low temperatures, the observed energy gap evolves significantly from 2 to 10 K, and T e does not follow linearly the increase in T .
The temperature evolution of ZBA of PCS in μ 0 H = 14 T is presented in Fig. 3 . The ZBA temperature evolutions in high field (bottom panels in Fig. 3 ) are in contrast to the ZBA temperature scans in zero field (top panels in Fig. 3 ). Our very high field PCS (μ 0 H = 14 T) demonstrates small bulk band gaps for both compositions. The Arrhenius fitting of the data gives E g = 0.28(2) and 0.40(4) meV, respectively, for Sb 2 Te 3 and Bi 2 Te 3 . The larger gap of Bi 2 Te 3 correlates with the measured higher spin polarization. In fact, the resistance upturn at very low temperatures has already been reported for these compositions [15] . It is important to note that the observed gap should not be directly linked to the gap in the TI electronic structure. The Nb tip might introduce disorder (vacancies, dislocations, etc.) in the crystal structure and hence alter the density of states. The work of Jiang et al. [28] that the bulk gap in Sb 2 Te 3 decreases with increasing thickness of the TI sample. Furthermore, these compositions exhibit close to degenerate semiconducting behavior with the Fermi level positioned in the vicinity of the conduction-or valenceband edges. Therefore the extracted gaps demonstrate the energy spacing between the Fermi level and the corresponding band edge rather than the full band gap. The determined bulk band gap in these samples is 100−200 meV [15] . The larger extracted gap of Bi 2 Te 3 correlates with the higher value of the critical exponent extracted from the PCAR temperature dependence [see Fig. 3(c) ]. This observation of high-field PCS is an explicit demonstration of carrier depletion in these topological insulators.
It is important to comment on the full-field scan of a Bi 2 Te 3 /Nb point contact (Fig. 5) . The low-field scan indicates that the Andreev reflection features disappear in small field μ 0 H ≈ 0.5 T. The contact quench field is on par with the bulk upper critical field H c3 of Nb [29] and within the error expected for the lack of a proper polycrystalline average within the point contact (±36%) [30] . As was the case for the temperature evolution, the field evolution of the superconducting gap does not follow the expected BCS evolution. The reasons are likely related to the highly spin polarized current through the contact [27] . Furthermore, the full-field scan indicates that the ZBA is relatively field insensitive from the quench field (μ 0 H = 0.5 T) up to the maximum available field μ 0 H = 14 T. The effective field scale over which the conductance dip diminishes is about μ 0 H = 10 T, which corresponds to Zeeman splitting of approximately 0.92 meV or narrowing of the gap, very close to the one observed by thermal activation in Fig. 3 . This could be interpreted as either the inelastic tunneling between two states (one in the valence part and one in the conduction part of the Dirac cone) at constant momentum or, potentially, the spin-orbit splitting of a bulk conduction state at the Fermi level.
IV. SPIN POLARIZATION OF MAGNETICALLY DOPED TOPOLOGICAL INSULATORS
We further investigate the effect of magnetic ion doping on the spin polarization of Bi 2 Te 3 and Sb 2 Te 3 . Magnetic topological insulators have been realized by Cr and V doping [31, 32] . Recently, high Curie temperature and a robust quantum anomalous Hall effect (QAHE) were observed in optimally V doped TIs [33] . Both Cr and V are substitutional on the Bi(Sb) sublattice. While V acts as an electron donor [33] in Sb 2 Te 3 , the contribution of carriers by Cr doping is smaller but of the hole type [31, 34] in the same parent compound. The carrier concentration in Cr-Bi 2 Te 3 should be reduced, and the spin polarization should increase. Contrarily, Cr doping was shown to decrease the spin polarization of the Bi 2 Te 3 composition, which is attributed to a spin-flip scattering effect from paramagnetic impurities [35] . On the other hand, Cr doping of Sb 2 Te 3 is expected to affect very little or slightly increase the bulk hole carrier concentration, which should lead to a lower spin polarization than that of the pure Sb 2 Te 3 sample. Decreased spin polarization is indeed measured in this composition. The extracted spin polarizations of Bi 1.97 3 . The decreased values of the spin polarization are due to spin-flip scattering by paramagnetic impurities [36] . Nonmagnetic impurities and disorder do not cause backscattering of electrons from the TI surface states [37] ; however, doping with magnetic ions must result in spin-flip scattering [35] . Sb 1.97 V 0.03 Te 3 is the only composition which demonstrates magnetic behavior in the measurement temperature range (T > 2.0 K). The extra free electrons, provided by the vanadium, reduce the natural p-type character of the original composition, and this should result in a lower bulk conduction and higher contribution of the surface carriers to the measured spin polarization. However, Sb 1.97 V 0.03 Te 3 exhibits the lowest value of spin polarization (P = 50%). The decreased spin polarization in the magnetically ordered sample is attributed to the fact that the magnetic easy axis is perpendicular to plane [as evidenced by the anomalous Hall effect (AHE)], whereas the spins of the electrons in the TI surface state are usually locked in the plane. This must increase the electron-electron spin scattering and, via the Kramers-Kronig relations, reduce the density of surface states and their bulk penetration, thus impacting the overall effective spin polarization as perceived by PCAR. No features similar to the PCS in Figs. 1(c) and 1(d) have been observed in the magnetically doped samples [38, 39] . The ferromagnetic ordering of all compositions is probed by the AHE in the van der Pauw configuration. Only Sb 1.97 V 0.03 Te 3 demonstrated an AHE signal at a temperature of 2.0 K or higher. The AHE amplitude of the latter composition is evaluated as a function of temperature, and a Curie temperature of T C = 11.6(6) K is determined [see Fig. 4(e) ]. An example of a covariance matrix of our fitting procedure is given on Fig. 4(f) .
V. CONCLUSIONS
The high in-plane spin polarization in the topological insulator family (Bi 1−x Sb x ) 2 Te 3 is verified by direct electrical measurement. The measured spin polarization is in the range of 60% to 85% and represents a low limit for the intrinsic spin polarization in these topological insulators. Various artifacts remain in the way of a more accurate determination: tipinduced damage, directionality of the current, transport that is not fully ballistic, and interfacial spin-flip events at the topological insulator/superconductor interface. It has to be emphasized that the value is obtained at 2 K, and no temperature dependence of the spin polarization is studied due to the limitations of PCAR imposed by the low critical temperature of Nb. Carrier depletion by direct point contact spectroscopy was demonstrated. The extracted bulk band gaps of Bi 2 Te 3 and Sb 2 Te 3 correlate with the expectation that higher bulk carrier depletion results in higher effective spin polarization. Furthermore, we investigate the influence of magnetic ions on the spin polarization of four topological insulator com- 3 . A low doping concentration, insufficient to induce ferromagnetic behavior, is shown to reduce the value of the spin polarization. The latter demonstrates that paramagnetic ions act as spin-flip scattering centers and decrease the TI surface-state spin polarization [35] . The only ferromagnetic composition among the four, Sb 1.97 V 0.03 Te 3 , had the lowest spin polarization, which is attributed to the competition between in-plane spin locking and perpendicular magnetic anisotropy. Extensions of the current investigation should permit the measurement of the spin polarization of optimally V doped Sb 2 Te 3 , the tracking of the spin polarization as a function of the applied gate bias, and the evaluation of the spin polarization in the QAHE regime.
Note added in proof. We became aware of a PCAR investigation on Bi 2 Se 3 by Granstrom et al. [40] .
